The bulk polymerizations of styrene were performed in the presence of a novel trinitroxide, 2,4,6-tri(4'-oxy-2',2',6',6'-tetramethyl-1'-piperidinyloxy)-1,3,5-triazine (TTPT). Typical features of controlled polymerization were observed, such as the first-order kinetics, the molecular weights (M n ) linearly increased with the conversion, and relatively narrow molecular weight distributions (M w /M n ). The 1 H NMR was used to characterize the obtained polystyrene. The most of obtained polymers at 110 o C were the polymer with two-arm linear structure, not the expected three-arm structure, which was confirmed by the analysis of degradation of obtained polymer by ascorbic acid. A proposed polymerization route of styrene mediated by TTPT was also discussed.
Introduction
Free radical polymerization is one of the most valuable industrial processes for producing organic materials in the world [1] . This is due to its versatility for polymerizing a variety of vinyl monomers having polar functional groups, which do not lend themselves to ionic and metal-catalyzed polymerization conditions, under mild conditions. However, the major limitation of free radical polymerization is the poor control over some of the key elements of macromolecular structures such as molecular weight, molecular weight distributions, end functionality, chain architecture, and composition [1] . Controlled/Living radical polymerization (CRP) has been developed recently to overcome these problems [2] . Nitroxide-mediated polymerization (NMP) [3] , atom transfer radical polymerization (ATRP) [4] , and reversible addition-fragmentation chain transfer radical polymerization (RAFT) [5] are the three representative methods of LRP.
Nitroxide-mediated controlled/living free-radical polymerization (NMP) is based on the reversible termination of the growing polymer radical by the stable nitroxide to give a dormant (i.e. inactive) species (Scheme 1) [6] . At lower temperatures, this trapping simply results in termination of the polymerization reaction. However, at high temperatures, the equilibrium between growing polymer chains and stable nitroxide free radical is established, which is strongly shifted towards the adducts. As a consequence, the concentration of growing polymer chains in the reaction medium is reduced. The rate of bimolecular termination, which is second order with respect to radical concentration, is then lower and does not lead to a broadening of the molecular weight distributions. A variety of nitroxides have been used to mediate the polymerizations of various monomers, including acrylates, dienes, and styrenic derivatives [7] [8] [9] [10] , and a variety of polymer compositions and structures have been investigated with NMP methodologies [11] [12] [13] [14] [15] [16] [17] . The use of NMP method to design and synthesize multi-arm star polymer has been reported by Hawker [18] and Catala [19] using a di-or trifunctional unimolecular initiator bearing TEMPO group, but the synthesis of these unimolecular initiators was a multi-step reaction and the yields were not so high. For example, the yield of difunctional radical initiator (T-A-T) [19] was only 28%. Furthermore, there is a limiting sequence specificity of monomer observed in the block copolymerization while using these unimolecular initiators. In 1998, polytetrahydrofuran (poly-THF) with a TEMPO moiety attached at both of the chain end was presented by Yoshida et al [20] . The poly-THF was able to serve as a polymeric counter radical for the radical polymerization of styrene to give the corresponding triblock copolymer (poly(styrene-b-tetrahydrofuran (THF)-b-styrene) in quantitative efficiency, and the polymerization had the classical characters of CRP. Later, a few new dinitroxide mediators for NMP were reported by Long and Charleux [21] [22] [23] . They observed the typical features of a controlled radical polymerization and produced two-arm polymers together with ABA triblock copolymers bearing the binitroxide at the core. Recently, a new bis-α-hydrogen nitroxide based initiator for use in NMP has been synthesized by Braslau group [24] . The polymerizations had controlled features with a bisnitroxide at the center of the resulting polymer chain. Symmetrical ABA triblock copolymers were then expediently gained by the addition of a second block at the center of the living polymer. This approach was named as the "outside-in" strategy which overcame previous restrictions in sequence specificity encountered in preparing ABA triblock copolymers using NMP by the more traditional, complementary "inside-out" bidirectional nitroxide initiators. To the best of our knowledge, there has been little report so far on the application of trinitroxide in nitroxide-mediated polymerization of styrene based on the "outside-in" strategy. In this article, a novel TEMPO-based trinitroxide, TTPT, was used as mediator for NMP of styrene to examine the features of "outside-in" tridirectional nitroxide mediated polymerization.
Results and discussion

Bulk Polymerizations of Styrene Mediated by TTPT
The bulk polymerizations of styrene mediated by TTPT were conducted at 110 °C and 125 o C. As shown in Fig. 1 , the kinetic plots presented approximate first-order kinetics with respect to the monomer concentration in all cases, indicating that the propagating radical concentration was constant during the polymerization. The polymerization rate increased significantly with the increase of the temperature or with the decrease of the TTPT concentrations. The dependence of molecular weights and their distributions of the polymers on monomer conversion are presented in [7] . The signals at δ= 3.7-4.7 ppm (b) are attributed to the methylene protons of the styrene unit attached to the benzoate group at the initiating chain end and the benzylic proton of the styrene unit bonded to the piperidinyloxy group [7] . The chemical shifts at δ= 7.3-7.9 ppm (c) correspond to phenyl resonances of BPO. All of the chemical shifts indicate the existence of TTPT and the fragment of BPO in the polymeric chain. 
Polymer Degradation by Ascorbic Acid
The theoretical arm number of obtained polymer mediated by the trinitroxide should be three. To confirm this, the molecular weight of the individual arm and the absolute molecular weight of the initial polymer must be known. The individual arm of the polymer was gained by degradation of the initial polymer in the presence of ascorbic acid at 120 °C for 48 h. As shown in Fig. 4 , the molecular weight (M n ) of the polymer obtained at 110 o C had a remarkable change after degradation. The M n of the polymer before degradation was almost twice as large as that of the polymer after degradation. The M w /M n remained narrow after degradation, which indicated that the polymer before degradation had the almost equal length arms.
The absolute molecular weight (M n,mll ) was measured by gel permeation chromatogram (GPC) using a multiangle laser light scattering detector. The number of the arm of the polymer, N b , was calculated by combining the M n, mll and molecular weight of the single arm. The molecular weight of polymer after the degradation by ascorbic acid (M n,D ) was regarded as the molecular weight of the single arm. The results are shown in Tab.1. 
Trinitroxide
Conv. As can be seen from Tab.1, considering the error in measurement of the molecular weight and incomplete degradation of the initial polymer, the N b was close to 2. In order to confirm further the results, the same experiments for the polymer obtained using PATE as the mediator was also carried out. As shown in Fig. 4 and Tab. 1, the results were almost the same. The results indicated that the most of the polymer obtained using TTPT as mediator at 110 o C were more likely two-arm structures than expected three-arm ones.
The discrepancies between the experimental results and the theoretical ones may be due to the chain end decomposition [21] [22] [23] . The chain end decomposition was attributed to the activation-deactivation equilibrium for a dinitroxide which was shifted in favor of the uncapped radical intermediate during the polymerization [21] . During the polymerization mediated by bidirectional nitroxide at 130 o C, the chain end decomposition reactions of the polymer readily happened, which resulted in a break of the two-arm macromolecules into a dead chain with an unsaturation end group and a living chain capped by a modified dinitroxide (hydroxylamine) [21, 23] . Therefore, when the tridirectional nitroxide was used as the mediator for the polymerization of styrene, the chain end decomposition reactions of the polymer may be more facile than using dinitroxide as the mediator even at early stage of the polymerization and low temperature (110 o C). The chain end decomposition reactions of the polymer at low conversion resulted in that one of the three nitroxide units was modified and inactive. The trinitroxides were continually converted into the dinitroxides with the increase of conversion. We found the chain end decomposition reactions of the polymer mediated by dinitroxide were too slight to be detected at relatively low temperature (110 o C) [29] , therefore, the polymerizations of styrene mediated by tridirectional nitroxide at 110 o C were virtually controlled by the dinitroxide in the "outside-in" way. The two arms of polystyrene grew at approximately same rate, which resulted in a well-defined two-arm linear polymer. The chain end decomposition reactions of the polymer at high temperature (125 o C) was more pervasive than at low temperature (110 o C) especially at high conversions [29] , which was also confirmed by the M n s of polymer obtained at 125 o C were lower than the theoretical ones (M n,th ) at high conversion (Fig. 2) .
Efforts have been made to identify the H proton of the hydroxylamine moiety in 1 H NMR spectrum of the obtained polymer, but failed, because of the slow degradation of the hydroxylamine under the polymerization conditions [21] . A proposed route of the polymerization mediated by TTPT is shown in Scheme 2.
Conclusions
In this paper, based on the "outside-in" strategy, a novel trinitroxide, TTPT, was used in the nitroxide-mediated polymerization of styrene. The results showed that the polymerization proceeded in a controlled manner, i.e., the polymerization rate was first order with respect to monomer concentration, molecular weight increased linearly with conversion and the molecular weight distributions of the polymer were relatively narrow. The results demonstrated that the most of obtained polymers were more likely two-arm linear structures especially at 110 o C.
Experimental part
Materials
Styrene (St) (chemically pure, Shanghai Chemical Reagent Co. Ltd., China) was washed with 5% sodium hydroxide solution, and with deionized water until neutralization, then dried with sodium sulfate anhydrous overnight, and finally distilled under vacuum before use. 4-Hydroxy-2,2,6,6-tetramethyl-1-piperidinyloxy (OH-TEMPO) (98 %, Wuxi Fuan Chemical Plant, China) and phosphorous acid tri(2, 2, 6, 6-tetramethyl-1-piperidinyloxy) ester (PATE, Scheme 3) (98 %, Wuxi Fuan Chemical Plant, China) were recrystallized from n-hexane and ethanol. 1,3,5-Triazine (99 %, ACROS) and ascorbic acid (99 %, ACROS) were used as received. 
Characterizations
The monomer conversion of the polymerization was determined gravimetrically. The molecular weights (M n ) and molecular weight distributions (M w /M n ) of the polymers were determined with a Waters 1515 gel permeation chromatographer (GPC) equipped with refractive index detector, using HR 1, HR 2, and HR 4 column with molecular weight range 100 ~ 500,000 calibrated with polystyrene standard samples. Tetrahydrofuran was used as the eluent at a flow rate of 1.0 mL/min operated at 30 o C. The absolute molecular weight was measured by gel permeation chromatogram equipped with a multiangle laser light scattering detector, using a He-Ne laser (MALLS, 633 nm; DAWN ® EOS, Wyatt Technology Co.). Without further explaining, the molecular weights (M n ) and molecular weight distributions (M w /M n ) of the polymers were determined by gel permeation chromatographer (GPC) equipped with refractive index detector.
1 H NMR spectra of the polymers were recorded on an INOVA 400MHz nuclear magnetic resonance (NMR) instrument using CDCl 3 as a solvent and tetramethylsilane (TMS) as the internal standard. The elemental analyses for C, H and N were performed on a MOD. 1106 elemental analyzer. Mass spectrum of TTPT was obtained by Micromass TOF-MS, equipped with EI source.
Synthesis of 2,4,6-tri(4'-oxy-2',2',6',6'-tetramethyl-1'-piperidinyloxy)-1,3,5-triazine (TTPT)
TTPT was synthesized by a modified method according to the reference [25] [26] [27] (as shown in Scheme 4). NaOH (4 g, 0.1 mol), 4-hydroxy-2,2,6,6-tetramethyl-1-piperidinyloxy (OH-TEMPO) (17.2 g, 0.1 mol), 1,3,5-triazine (5.54 g, 0.03 mol) and chlorobenzene (100 mL) were added to a 250 mL round-bottom flask which was equipped with a mechanical stirring system, thermometer and condenser. The reaction mixture was quickly heated up to 30 °C. The reaction was carried out for 1.5 h at 30 °C and then for 1 h at reflux temperature. Solution was collected by suction filtration, and washed with water until neutralization, then dried with magnesium sulfate anhydrous overnight, finally evaporated in the rotatory evaporator. Column chromatography on silica gel, using acetone/petroleum ether (1:4) as eluent, afforded TTPT as a nice orange-red needle crystal (7.7 g, 45 %). Anal. Calcd. for TTPT: C, 
Polymerizations
A series of polymerizations of styrene using BPO as an initiator in conjunction with TTPT were performed. A typical polymerization procedure was as follows: styrene (2 mL, 17.42 mmol) was added to a dry ampule tube containing the solid mixture of BPO (35.1 mg, 0.145 mmol) and TTPT (34.3mg, 0.058 mmol). The content was bubbled with argon for approximately 10 minutes to eliminate the oxygen. Then the ampule was flame-sealed, and placed in an oil bath held by a thermostat at the desired temperature for polymerization. After desired polymerization time, the ampoule was quenched in ice water to stop the polymerization and opened. The contents were dissolved in tetrahydrofuran (about 4 mL) and precipitated into a large amount of methanol (about 300 mL). The polystyrene was dried until constant weight was achieved.
Degradation of polymer in the presence of ascorbic acid
Polymer (0.1 g) mediated by TTPT or PATE, ascorbic acid (0.05 g) and chlorobenzene (2 mL) were added to a 5 mL ampoule. The ample was degassed under vacuum and charged with argon (3 times). Then the ampule was flame-sealed and placed in an oil bath held by a thermostat at 120 °C for degradation of polymer. After 48 h, the ampoule was quenched in ice water and opened. The other procedures were the same as above. The process of degradation of alkoxyamine polymer by ascorbic acid is presented in Scheme 5 [28] . 
